Single molecule-based superresolution imaging has become an essential tool in modern cell biology. Because of the limited depth of field of optical imaging systems, one of the major challenges in superresolution imaging resides in capturing the 3D nanoscale morphology of the whole cell. Despite many previous attempts to extend the application of photo-activated localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM) techniques into three dimensions, effective localization depths do not typically exceed 1.2 μm. Thus, 3D imaging of whole cells (or even large organelles) still demands sequential acquisition at different axial positions and, therefore, suffers from the combined effects of out-of-focus molecule activation (increased background) and bleaching (loss of detections). Here, we present the use of multifocus microscopy for volumetric multicolor superresolution imaging. By simultaneously imaging nine different focal planes, the multifocus microscope instantaneously captures the distribution of single molecules (either fluorescent proteins or synthetic dyes) throughout an ∼4-μm-deep volume, with lateral and axial localization precisions of ∼20 and 50 nm, respectively. The capabilities of multifocus microscopy to rapidly image the 3D organization of intracellular structures are illustrated by superresolution imaging of the mammalian mitochondrial network and yeast microtubules during cell division.
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superresolution | 3D localization | microscopy | multiplane imaging | single-molecule fluorescence B ecause of its specificity and ability to image live samples, fluorescence microscopy is the most widely used imaging tool for biological studies. In recent years, several methods have been introduced to increase the resolution of fluorescence microscopy beyond the diffraction limit (1, 2) . These methods include stimulated emission depletion (3), structured illumination (4), and single-molecule localization microscopy (LM) (5, 6) . In the latter approach, precise control over illumination conditions enables sparse activation of individual fluorescent molecules, permitting determination of their positions with an accuracy of a few tens of nanometers. The sequential photoactivation, imaging, and bleaching (or photoswitching) of large numbers of fluorophores then allow the reconstruction of the investigated structure, embodying the principles of photo-activated localization microscopy (PALM) (5), fluorescence photo-activation localization microscopy (FPALM) (7), and stochastic optical reconstruction microscopy (STORM) (6, 8) .
LM techniques have garnered significant interest in biological studies (9, 10) but are still predominantly implemented using evanescent-wave (or total internal reflection fluorescence) microscopy (11) , which limits its application to 2D or thin structures close to the cell membrane. However, in many biological contexts, it is highly desirable to access the 3D intracellular organization of the cell with subdiffraction resolution.
For efficient 3D LM in cultured cells, two issues need to be resolved. First, single molecules must be localized with subdiffraction accuracy both laterally and axially. Second, the axial depth over which localizations are made should be comparable with the thickness of the whole cell. Approaches developed to address the former issue usually rely on encrypting axial information into 2D images by engineering the point-spread function (PSF) of the microscope (8, (12) (13) (14) (15) , single-photon interferometry (16) , or biplane imaging (17) (18) (19) . However, the typical imaging depth of most of these methods does not exceed 1.2 μm and hence, is insufficient for whole-cell imaging. Furthermore, because of the wide-field excitation configuration predominantly used for imaging in 3D LM, the activation and emission of out-of-focus molecules lead to increased background in the fluorescence image and their unnecessary bleaching ( Fig. 1 A and B) . In other words, information outside the imaging plane is lost, whereas the signal-tonoise ratio in the image is reduced. Selective plane excitation (20) or activation (21, 22) can circumvent this problem but requires sequential scanning to image entire cell volume.
We report the successful implementation of a volumetric PALM/STORM superresolution method that avoids the aforementioned problems. Our method relies on the recently developed multifocus microscope (MFM) (23) , which achieves simultaneous acquisition of nine equally spaced focal planes ( Fig. 1 C and D) on a single camera through the combination of a specialized diffractive grating and chromatic correction elements placed in the microscope emission path (Fig. 2) . The spacing between consecutive focal planes is ∼440 nm, allowing accurate 3D localization of single fluorescent molecules with 3D Gaussian fitting of resulting PSFs. We show that such volumetric acquisition is compatible with two-color superresolution PALM/ STORM imaging of mammalian and yeast cells, with lateral and axial localization precisions of ∼20 and 50 nm, respectively. The imaging depth is ∼4 μm, well beyond the capabilities of other 3D superresolution techniques (review in ref. 24) , and notably, it Significance A major challenge in modern biological studies is in the determination of the 3D molecular architecture of cellular organelles. In recent years, much progress in nanoscale imaging has been made because of the advent of superresolution optical microscopy. However, many superresolution techniques are still limited to 2D acquisition. Here, we show a volumetric approach for superresolution imaging based on the simultaneous imaging of multiple sample planes using multifocal microscopy. The depth over which structures can be reconstructed reaches 4 μm, comparable with the thickness of many cellular organelles or even whole cells. permits complete 3D imaging of many cellular organelles or whole cells (Movies S1 and S2).
Results
Precision of Localization. We first investigated the dependence of the localization precision as a function of the spacing between consecutive planes when using the MFM. To this end, 200-nm fluorescent beads immobilized on a coverslip were imaged using four different multifocus gratings (MFGs) corresponding to interplane spacing ðΔzÞ of 110, 220, 440, and 880 nm (at λ = 670 nm) (Fig. 3A) . The microscope stage was shifted in steps of 60 nm (120 nm for the case of 880-nm spacing) along the optical axis, and 20 frames were acquired per step (Fig. 3B) . The excitation intensity and the image acquisition parameters were adjusted such that the bead signal was comparable with that of an individual fluorophore in a PALM/STORM acquisition. For each frame, the signal was fitted with a 3D integrated Gaussian function (SI Text and Fig. S1 ), and the SD of the estimated positions was calculated for each step. For all gratings with a Δz below 500 nm, we observed that the axial localization precision was less than 50 nm over the full ð9 × ΔzÞ imaging depth ( Fig. 3C and Fig. S2 ).
For multicolor superresolution imaging, the MFM grating is used at wavelengths different from the design value (∼515 nm), thus affecting the total diffraction efficiency and uniformity between diffraction orders. In practice, the former effect leads to a modest decrease in signal to noise, whereas the latter effect can be compensated with a postacquisition procedure (Methods, System Calibration and Data Analysis). In addition, the use of diffraction gratings introduces chromatic dispersion, which can lead to chromatic aberration if not accounted for. Although lateral chromatic dispersion is efficiently corrected with a blazed grating and prism placed after the MFG along the emission pathway, the axial chromatic dispersion manifests itself as a change in the effective Δz between consecutive planes.
In the Fourier plane of an imaging system, the wavefront of light at wavelength λ, emanating from emitters located an axial distance of Δz away from the focal plane in a medium of index of refraction n λ , is characterized by a phase-shift profile that scales as ð2π=λÞn λ Δz (25) . The distortion of the MFG acts on the emission wavefront to counterbalance this phase-shift profile (23) . The induced phase shift scales as ð2π=λÞn λ aΔz (a is an integer between −4 and +4 specific to the order of diffraction). The axial position Δz and the wavelength are incorporated in the design of the grating. Imaging at a different wavelength results in a slight modification of the corrected phase-shift profile that, in turn, corresponds to a different axial position. As shown experimentally in Fig. 3 , for a given grating, the effective Δz scales linearly with the wavelength (SI Text has a complete analytical derivation). To achieve coregistration of the different spectral channels, multicolor beads were imaged sequentially through different filters during stepwise axial displacements. The separate spatial transformation matrices, Δz, and diffraction efficiency were then computed and served as calibration to realign the image stacks in the different spectral channels. We estimate the overall twocolor registration accuracy as better than 10 nm laterally and 30 nm axially (SI Text and Figs. S3 and S4) .
Compared with imaging a single plane, an unavoidable drawback of the multiplane detection is a lower signal-to-noise ratio, because the total number of photons is split between different image planes. Because of losses caused by the multifocal In the multifocus configuration, the 3D extent of the PSF is used to localize molecules within the volume as information is obtained from multiple focal planes. Fig. 2 . MFM setup. The excitation lasers are combined in a fiber through an acousto-optic tunable filter, collimated, reflected on a dichroic mirror (DM), and focused at the back aperture of a high-N.A. objective to achieve wide-field excitation. The collected emission is transmitted through the DMs and passes through the MFG placed in a plane conjugated to the back pupil plane of the objective. The diffraction orders pass through the chromatic correction module before being separately focused on the detector. To record sample and stage drift, polystyrene beads (4-μm diameter) were immobilized on the cover glass, illuminated by an infrared light-emitting diode (IR LED), and their diffraction pattern was recorded with an IR camera (IR CAM) through an additional beamsplitter inserted into the emission path. The graphs are the recorded positions of the bead along the x and z axes. (Lower Inset) Example of emitting molecules recorded at different z planes corresponding to labeled nucleopores (the raw data are in Movie S1, and a reconstructed image is in Movie S2). (Scale bar: 5 μm.) grating (65% diffraction efficiency) and chromatic correction (85% efficiency at the imaging wavelength) elements, we estimate that ∼5% of the emitted photons are detected in each of nine planes (at 670-nm wavelength). Thus, the SD of the lateral emitter position is expected to increase by ffiffiffiffiffi 20 p . To investigate the consequences of the signal splitting, we imaged fluorescent beads over a few hundred frames using the MFM as well as with a single-plane configuration, where all excitation and acquisition parameters were identical. We compare the lateral localization SD for both scenarios in Fig. 3 E-G. As expected, splitting significantly decreases the lateral localization precision when planes are analyzed individually (Fig. 3E vs. Fig.  3F ). However, the MFM permits z sampling of the PSF at different focal planes, which effectively improves the lateral SD by the square root of the number of sampling planes. With 440-nm spacing, the PSF typically shows up on two planes, indicating an improvement by ffiffi ffi 2 p , which was confirmed experimentally in Fig. 3G . Therefore, the 440-nm grating spacing was chosen as a good compromise between accuracy and imaging depth (∼4 μm) (Fig. 3C) .
Imaging Mitochondria Network in HeLa Cells. To test the robustness and the performance of 3D MFM superresolution microscopy, we first applied it to STORM imaging of mitochondria in HeLa cells transfected with TOM20 (translocase of outer mitochondrial membrane) fused to GFP. After fixation with paraformaldehyde (PFA), TOM20-GFP was labeled with anti-GFP nanobody-Alexa 647 conjugate (26) in the presence of an oxygen scavenger (SI Text). To achieve sparse detection (∼0.08 molecules/μm 2 per frame), a low-power 488-nm (or 405-nm) laser was used together with high-power 640-nm laser illumination (1 kW/cm 2 ). Because image acquisition in STORM requires data collection over a long time (∼15 min), we corrected the thermal drift of the microscope. To this end, we used a custom-made sample tracking system that analyzes the diffraction rings of a 4-μm bead attached to the sample coverslip and finds its center with a precision of 1 nm in x/y and 5 nm in z (27, 28) (Figs. S5-S7 ). Fig. 4 shows a typical superresolved image of mitochondria over a depth of ∼4 μm reconstructed with the localization of ∼10 6 molecules detected over 30,000 frames. Note that comparable imaging depths are not attainable with other methods unless sequential z scanning is used combined with selective plane illumination (20, 21). To directly evaluate the localization precision for individual Alexa 647 dyes (bound to TOM20 proteins) in our imaging and sample conditions, we isolated single-molecule events that spread over a few consecutive frames. We found that the localization accuracy was 16 nm laterally and 35 nm axially over the range of the detection depth (SI Text and Figs. S8-S10). The image, obtained with the 3D superresolution reconstruction/ visualization software ViSP (29), shows a highly interconnected spatial network of mitochondria that is particularly crowded near the nucleus of the cell (Fig. 4C , lower left corner and Movies S3-S5). Because of the continuous fission and fusion in live mitochondria, such networks constantly change their shape; 3D MFM localization accuracy was sufficient to clearly distinguish the outer membrane of the mitochondria in the lateral and axial directions separated by 230 and 208 nm, respectively (Fig. 4 F-H) .
Yeast Imaging. In a second example, we applied the 3D MFM PALM/STORM approach to budding yeast (Saccharomyces cerevisiae) cells. Despite their frequent use as model system in cell biology, yeast cells have rarely been imaged using superresolution microscopy (26) . In particular, their rounded shape and thick cell wall constitute a significant obstacle to PALM applications, making imaging in total internal reflection mode unsuitable. The imaging depth of the MFM almost matches the ∼5-μm size of yeast cells and thus, is ideal for whole-cell superresolution imaging. We genetically introduced a photoconvertible tdEos (the tandem dimer form of Eos fluorescent protein) tag at the C terminus of one of the α-tubulin genes in the diploid strain. PFA-fixed cells were then coated with concanavaline A-Alexa 647 conjugate to label the cell walls. Twocolor superresolution data were acquired sequentially. First, Alexa 647 was switched [in the presence of 100 mM cysteamine hydrochloride (MEA)] into dark state with intense 640-nm illumination. Second, individual molecules of Alexa 647 were observed during their transient return into the fluorescent state (STORM mode). After acquiring ∼20,000 frames (when Alexa 647 fluorescent events became rare), we switched to PALM imaging of tdEos-tubulin. Single molecules were activated into orange-emitting fluorophores by low-intensity photoconversion with 405-nm laser light, detected, and bleached with intense 561-nm illumination (2 kW/cm 2 ). For analysis, we applied neighborhood-density filtering to tdEos data to exclude the free α-tubulin that is abundantly present in the cytoplasm and immobilized by fixation (SI Text). This approach allowed better visualization of mitotic spindles and microtubules (Movie S6). Cells in different stages of the cell cycle were analyzed, and typical examples are presented in Fig. 5 . In the case of cells undergoing telophase, we could readily localize α-tubulin-tdEosdecorated spindles, because they thread through a narrow neck connecting the mother cell and the bud (Fig. 5 C and D) . At that stage of mitosis, the spindle consists of about two to four microtubules. Additional examples of yeast cells imaged in different stages of the cell cycle are shown in Fig. 5 . In all observed cases, it was possible to identify a spindle or microtubule inside the cell enclosed by the cell wall. Observed patterns correspond to known spindle-microtubule orientations (30) (conventional wide-field images shown for comparison in Supporting Information and Fig. S11 ). In addition to the mitotic spindle, we could detect cytoplasmic microtubules extending from both ends of the spindle throughout the axial range (Fig. 5C ). In this particular example, the measured tubulin fiber profiles in the unfiltered localization data showed a full-width half-max (FWHM) of ∼65 nm laterally and ∼108 nm axially (Fig. S12) . These values are larger than the reported values of 25 nm in ref. 26 , but the difference might be because of the reduced localization precision in our measurements and contribution of tdEos tag size.
Conclusion
In the investigation of cell organelles, 3D superresolution microscopy is becoming an essential tool. Our results show that multifocus microscopy combined with PALM/STORM imaging enables volumetric superresolution imaging over a depth of ∼4 μm, much larger than other methods, and achieves localization precisions of ∼20 and ∼50 nm along the lateral and axial directions, respectively. Because the precision depends directly on the number of detected photons, it will likely see improvement in the future through the use of brighter fluorophores and more efficient grating designs. In particular, the use of a multiphase grating instead of a binary one may increase the diffraction efficiency into nine central orders by upward of ∼90% (31). Modified designs with diffracted light concentrated into 25 central orders (instead of the reported 9 orders) may also increase imaging depth without compromising axial sampling precision. In contrast to sequential z scanning for 3D imaging, our approach is able to image relevant out-of-focus molecules before they photobleach. Capturing a maximum number of single-molecule events over the cellular extent is an important advantage, especially when low copy numbers of fluorescent proteins are involved. A challenge for 3D PALM/STORM microscopy is the large number of molecules that need to be localized to properly reconstruct an image, which results in longer acquisition times and potentially overlapping PSFs. These difficulties may be alleviated by means of computational tools, such as multiemitter fitting (32) or compressed sensing (33, 34) , that enable the localization of single molecules at higher densities. In summary, we believe that multifocus microscopy opens new and exciting possibilities for whole-cell superresolution imaging in biological sciences.
Methods
Setup. To permit multifocal imaging, custom optical elements are introduced in the emission pathway of a conventional wide-field microscope (Nikon Ti-Eclipse) (Fig. 2) (23) . First, a diffraction grating conjugated with the back pupil plane of the objective (100×, 1.4 N.A.; Nikon) acts to direct the incoming light into nine central orders with ∼65% efficiency. The grating pattern is distorted to introduce a focal distance shift between diffraction orders. Second, a combination of a blazed grating and prism is used to correct for residual chromatic dispersion. Third, an imaging lens forms the image of nine orders (corresponding to nine different imaging planes) on a single EM-CCD detector (DU-897; Andor). Illumination for excitation and activation is provided with a set of lasers (405, 488, 514, 560, and 640 nm) controlled by an acousto-optic tunable filter (AA Opto-Electronic) and coupled into a single-mode fiber. The output light of the fiber is recollimated and directed to the objective of the microscope by a multiband dichroic mirror (LF405/488/561/635-4 × 4M-A-000; Semrock). The region of excitation and activation is delimited laterally by a slit placed in the excitation path, whereas a second slit in the emission path is used to limit the imaged area and avoid overlapping of nine planes on the detector. We additionally placed a band-pass filter before the camera (FF01-607/36 for PALM imaging of tdEos and FF01-670/30 for STORM imaging of Alexa 647; Semrock).
Because of the long recording time (typically ≥20 min) to acquire raw data for 3D superresolution image reconstruction, the sample drift needs to be corrected. To this end, polystyrene beads (4 μm in diameter; Dynabeads) were placed on the coverslip next to the target cells and observed with an IR camera to function as fiduciary markers (Fig. 2, SI Text, and Figs. S5-S7) . Analysis of the position of beads and their diffraction patterns permitted precise detection of lateral and axial shifts of the sample with an SD of less than 1 nm laterally and 5 nm axially. Those coordinates were subsequently used to correct the 3D sample drift.
System Calibration and Data Analysis. Multicolor fluorescent beads (TetraSpeck Fluorescent Microspheres Kit; T14792; Invitrogen), immobilized on a coverslip were used to calibrate the 3D imaging setup and ensure precise reconstruction of raw images into a z stack with minimal loss of resolution (23) . When translating the microscope stage with a piezo stage in fixed steps along the optical axis, the beads appear consecutively in focus on the different panels (z planes) of the image. A maximum intensity projection of the acquired stack shows beads appearing in focus throughout nine panels. After the center of the beads are determined by Gaussian fitting, a transformation matrix is computed to realign the different panels with a precision on the order of 2 nm (SD).
Furthermore, the binary phase grating used in our MFM diffracts about 65% of the incoming light in nine (3 × 3) central orders at the design wavelength. The relative fluctuations between the intensities are on the order of ∼5% at the grating design wavelength (515 nm) and increase up to ∼50% at 670 nm, mostly because of a brighter (0, 0) order. A postacquisition intensity correction of the different panels is, therefore, applied to ensure proper reconstruction of the image volume and achieve an accurate estimate of the axial position of individual molecules.
In summary, the raw images (an example is shown in Movie S1) are processed as follows. First, the camera offset is subtracted. Second, the image panels are split and aligned using the transformation matrix generated in the bead calibration step. Third, the relative intensities of the different panels are corrected; 3D Gaussian fitting of individual 3D PSFs was performed with the freely available FishQUANT software (35) to retrieve the emitter position, and 3D superresolution images were visualized with ViSP software (29) .
Two-Color Colocalization and z-Position Correction. Calibration is done by moving multicolor fluorescent beads mounted on a coverslip along the optical axis while sequentially recording images in the two spectral channels at each position. The maximum intensity projection image of each channel was reconstructed, and the beads were localized in the different panels of the image in the different channels.
The position of the beads on each panel of the images was then compared with the central (undistorted) panel of the red channel. The relative positions served as basis of two calibration matrices that allowed a sensitive reconstruction of the 3D volume as well as an accurate alignment between the planes of the two channels, taking into consideration any possible magnification, rotation, or translation transformation.
Any shift in the nominal plane between the two channels was also determined and accounted for in a postprocessing step as well as the plane spacing as a function of the imaging wavelength (SI Text and Fig. S3) .
The overall accuracy of the spectral coregistration is estimated to be 10 nm in the lateral dimension and 30 nm in the axial dimension. The accuracy was determined experimentally where multicolor beads were imaged in two channels sequentially (Fig. S4) .
